Objective. IL-33 has recently been found to be the specific ligand of ST2, an IL-1 receptor family member that is selectively expressed in Th2 cells and mediates Th2 response. This study aims to measure the serum levels of soluble ST2 (sST2) and IL-33 in patients with SLE and to examine their association with disease activity.
Introduction
IL-33 is a novel cytokine that belongs to the IL-1 family [1] . IL-33 has recently been found to be involved in the pathogenesis of chronic inflammatory arthritis [2] like its other family members, IL-1 and -18 [3] . It has also been described as a modulator of inflammation, mediating Th2 immune responses. IL-33 has been shown to induce production of IL-5, -13 and hypergammaglobulinaemia, typical of Th2-driven hyper-responsiveness [4] . It is also recognized to possess a chemoattractant effect for human Th2 cells [5] . IL-33 has been linked to allergic conditions as IL-33 has been shown to induce eosinophilic degranulation and IgE response [6] and production of ILs and chemokines by mast cells [7] . Administration of IL-33 into mice induced airway hyper-responsiveness and globlet cell hyperplasia [8] .
ST2, receptor for IL-33 and a member of the IL-1 receptor family, was characterized over a decade before IL-33 was discovered to be its specific ligand [9] . ST2 is found to be selectively expressed on a subset of Th2 cells but not Th1 cells and mediates important effector Th2 functions [9, 10] . IL-33 stimulates target cells by binding to ST2, thereby activating nuclear factor (NF)-kB and mitogen-activated protein kinase pathways [1] . ST2 is known to exist in a transmembrane form (ST2L) and is also alternatively spliced to produce a secreted soluble form (sST2) [11, 12] . Elevated serum sST2 has been reported in sepsis [13] , asthma [14] and acute myocardial infarction [15] , and the level of sST2 was found to correlate with the activity and severity of these medical conditions.
SLE is a multi-systemic autoimmune disease, characterized by hyper gammaglobulinaemia and a plethora of autoantibodies. Both Th1 and Th2 responses have been implicated in the pathogenesis of lupus [16] [17] [18] [19] [20] [21] . While the Th2 type of response may be important in driving B-cell hyperactivity, cytokines that mediate Th1 responses have also recently been shown to be involved in the induction of pathogenic autoantibody isotypes leading to tissue pathology [21] . The enhanced expression of Th2 types of cytokines such as IL-10 may, therefore, reflect a desperate attempt of the immune system to down-regulate the pathogenic Th1 responses. Although the serum sST2 level has previously been found to be elevated in patients with SLE and other rheumatic diseases [22] , its causal relationship with disease activity is still unclear. The serum level of its ligand, IL-33, has also not been described in SLE before and information with regard to the role of the IL-33/ST2 system and their clinical association in lupus is lacking. Our study aims to examine serum levels of IL-33 and sST2 in relation to disease activity and clinical association in patients with SLE.
Patients and methods

Patients and controls
The study was approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster. Patients who satisfied the revised classification criteria of the ACR for SLE [23] were recruited from a university-affiliated Lupus clinic. Ageand sex-matched volunteers were recruited from the staff clinic as normal controls. Informed consent was obtained from recruited subjects. All subjects who had known allergic diseases were excluded. Patient information with regard to demographic data, cumulative clinical features, serological profile and medications were retrieved from medical records. Physical examination and laboratory investigations including complete blood count, liver and renal functions, levels of anti-dsDNA antibody, complements C3 and C4 were performed at study visits. Disease activity was determined according to the SLEDAI [24] . Active lupus disease was defined as SLEDAI > 4. Patients who developed significant proteinuria > 0.5 g/day with active urinary sediments or renal biopsy-proven lupus nephritis at the time of study were regarded as having active renal disease. Renal biopsy-proven lupus nephritis was interpreted according to the International Society of Nephrology/Renal Pathology Society (ISN/RPS) classification criteria [25] . Haematological involvement was defined as the presence of autoimmune haemolytic anaemia, leucopenia with white blood cell count < 3.0 Â 10 9 /l or thrombocytopenia with platelet count < 150 Â 10 9 /l. Renal function was estimated by estimated glomerular filtration rate (eGFR) using the modification of diet in renal disease (MDRD) formula, where eGFR = 32788 Â serum creatinine À 1.154 Âage À0.203 Â (0.742 for female) [26] . Impaired renal function was defined as eGFR < 60 ml/min/1.73 m 2 [27] . Serum level of anti-dsDNA antibody was measured by in house ELISA using a calibration curve generated from six standards which were prepared with reference to the WHO international standard serum Wo80. The interassay coefficient of variation of the immunoassay for low and high controls was 14.7 and 6.7%, respectively. Serum C3 and C4 levels were determined by immunonephelometry (Immage 800; Beckman Coulter, California, USA). The lower normal limits were defined as 76 and 9 mg/dl, respectively. Some patients were evaluated longitudinally on two study visits for disease activity, serological features and serum sST2 level. Change in disease activity between the first and second occasions was defined as an increase or decrease in SLEDAI by > 4.
Assay of human IL-33, sST2
Ten millilitres of peripheral blood were collected from patients and controls, and stored at À70 C for subsequent measurement of IL-33 and sST2. Serum level of IL-33 was measured by commercial sandwich ELISA (GenWay Biotech, San Diego, USA). Briefly, an ELISA plate was coated with capture antibody (affinity-purified chicken anti-human IL-33 mAb) in 0.05 M carbonatebicarbonate followed by blocking. Serum samples were then added followed by horseradish peroxidase (HRP)-conjugated secondary mAb. Tetramethylbenzidine was subsequently added to the reaction which was stopped by applying 2 M H 2 SO 4 . Optical density was measured by microtitre plate reader at 450 nm. Serum level of IL-33 was read off from a standard curve according to the manufacturer's instruction. Serum level of sST2 was measured by commercial sandwich ELISA (MBL). The capture antibody and the HRP-conjugated detection antibody involve two anti-human ST2 mAbs that recognize two different epitopes. The sensitivity of the immunoassays for IL-33 and sST2 are 0.7 and 0.032 ng/ml, respectively. compare the proportions of different groups. Logistic regression analysis was performed using active/inactive lupus disease status as dependent variable, with predictive factors identified in univariate analysis with P < 0.1 as independent variables. The contribution of each individual independent variable was expressed as odds ratio (OR) together with 95% CI for the association. As SLEDAI is a composite score involving components including anti-dsDNA antibody, C3 and C4, a multiple regression analysis was also performed with a modified SLEDAI score that excluded elevated anti-dsDNA antibody, low C3 and C4, as the dependent variable. Since the biochemical properties of sST2 in relation to age, sex and renal clearance are not known, the contribution of known biomarkers including anti-dsDNA antibodies, low C3 and C4 as well as serum sST2 level to modified SLEDAI score were analysed by adjusting for other variables including age, sex and eGFR. P < 0.05 was considered statistically significant in this study.
Results
Clinical characteristics of SLE patients
Seventy (67 females and 3 males) SLE patients of Southern Chinese origin were recruited. The mean (S.D.) age of these patients was 44.0 (11.0) years and they had been followed up at the Lupus clinic for 13.9 (7.9) (median 13.0) years. Among these 70 SLE patients, 57 were evaluated longitudinally on a second occasion providing a total of 127 sets of clinical data and serum samples for subsequent analysis. Table 1 shows the demographics and clinical features of these patients at the time of the first and second clinical evaluations. Thirty-seven and 25 patients had active disease at the time of first and second assessment, respectively. Clinical features of disease exacerbation at the time of study were dominated by renal involvement (35/127, 27.6%) followed by non-renal exacerbations including cutaneous and articular manifestations (32/127, 25.2%) and haematological involvement (16/127, 12.6%). Among the 35 patients who had renal involvement, renal biopsy was performed in 13 patients. Two patients had ISN/RPS Class III, seven had Class IV alone and four patients had mixed Class IV and V lupus nephritis. Fifty-one and 42 patients were receiving oral prednisolone at a mean (S.D.) daily dose of 9.1 (7.6) and 6.8 (5.6) mg, respectively, for the first and second evaluation.
Serum levels of IL-33 and sST2
Serum levels of IL-33 and sST2 were measured in 70 SLE patients and 28 age-and sex-matched controls. Serum IL-33 level in most SLE patients was found to lie below the lowest detection limit of the assay (0.7 ng/ml). IL-33 was detected in three SLE patients (4.3%) compared with two control subjects (7.1%) (P = 0.62). The levels of IL-33 between these SLE patients (1.23, 1.45 and 2.90 ng/ml) and controls (0.72 and 2.99 ng/ml) were not statistically significant (P = 0.53). These patients did not demonstrate symptoms suggestive of allergic diseases or atopy at the time of study. On the other hand, SLE patients were found to have significantly higher serum levels of sST2 [0.45 (0.14) ng/ml] than controls [0.36 (0.13) ng/ml] (P < 0.001).
Serum sST2 level and organ involvement Serum sST2 level was not found to be related to gender (P = 0.98) or age (P = 0.66). Among the 127 samples collected for measurement of sST2, 35 samples were taken during active lupus nephritis, 27 during non-renal active lupus exacerbations and 65 samples when the patients had inactive disease. ANOVA analysis demonstrated a difference in serum sST2 levels between these three groups and normal controls (P < 0.001). Figure 1 shows the serum levels of sST2 and IL-33 among active and inactive SLE patients and normal controls. Patients who had active lupus nephritis had significantly higher serum sST2 Correlation of IL-33 and sST2 with parameters of disease activity Serum IL-33 level was not found to correlate with the level of sST2 in SLE patients (r = 0.03; P = 0.80) or controls (r = 0.07; P = 0.73). The SLEDAI score of the three SLE patients with elevated IL-33 were 0, 8 and 12, respectively. One of these patients had active lupus nephritis, one had non-renal active lupus whereas the third had inactive disease. On the other hand, serum sST2 level at the time of active disease [0.51 (0.18) ng/ml] was significantly higher compared with serum samples taken during inactive disease [0.42 (0.08) ng/ml] (P = 0.006) and with normal controls [0.36 (0.13) ng/ml] (P < 0.001) (Fig. 2) . SLE patients who had inactive disease were also found to have higher serum sST2 level than normal controls (P < 0.001). Patients with elevated anti-dsDNA antibody (>100 IU/ml) had a higher level of sST2 [0.53 (0.17) ng/ ml] than those who had lower anti-dsDNA antibody [0.44 (0.13) ng/ml] (P = 0.001). Patients with low C3 level (<76 mg/dl) had a higher level of sST2 [0.49 (0.16) ng/ml] than those with normal C3 level [0.41 (0.08) ng/ml] (P = 0.002). Similarly, patients with low C4 level (<9 mg/ dl) were also found to have a higher level of sST2 [0.51 (0.14) ng/ml] than those with normal C4 level [0.45 (0.14) ng/ml] (P = 0.01).
SLEDAI score was shown to correlate moderately with markers of disease activity, including serum levels of anti-dsDNA antibody (r = 0.70; P < 0.001), C3 (r = À0.76; P < 0.001), C4 (r = À0.57; P < 0.001) and weakly with lymphocyte count (r = À0.24; P = 0.006). Similarly, serum level of sST2 was found to correlate mildly with SLEDAI (r = 0.30; P = 0.001) and serum level of anti-dsDNA antibody (r = 0.32; P < 0.001) and negatively with C3 (r = À0.32; P < 0.001) but not C4 (r = À0.13; P = 0.13) or lymphocyte count (r = À0.05; P = 0.59) (Fig. 2) .
Sensitivity to change in serum sST2 level Serum sST2 level was measured serially in 57 patients. Among these patients, 25 patients had active disease, whereas 32 had inactive disease at the time of the second measurement. These 57 patients included 9 patients who had decreased disease activity, 4 patients who had increased disease activity and 44 patients who had no change in the level of disease activity compared with the first assessment. Figure 3 shows the changes in serum sST2 level in relation to changes in level of disease activity between the first and second visits of longitudinal follow-up. The changes in serum sST2 level at the first and second evaluations among the 44 patients without serial change in level of disease activity was not found to be statistically different [0.46 (0.12) vs 0.48 (0.16) ng/ml] (P = 0.34). However, the changes in serum sST2 levels were found to be significantly different for the 13 patients who demonstrated serial change in disease activity [0.53 (0.20) and 0.41 (0.09) ng/ml for the occasions with higher and lower disease activity, respectively] (P = 0.02) with an effect size of sensitivity to change of d = 0.29.
Multiple logistic regression analysis
Univariate analysis revealed that serum sST2 level correlated with levels of anti-dsDNA antibody, C3 and daily prednisolone dosage. Multiple logistic regression analysis using disease status (with SLEDAI > 4 considered to be active) as dependent variable and serum sST2 level and daily prednisolone dosage as independent variables showed that both serum sST2 and prednisolone dosage were significant predictors of active lupus. Prednisolone dosage was found to contribute to active lupus with an OR of 1.12 (95% CI 1.03, 1.22; P = 0.008), whereas serum sST2 remained significantly associated with active SLE disease after adjustment for daily prednisolone dosage (OR 4.6; 95% CI 2.7, 3601.0; P = 0.01). As SLEDAI is a composite score involving components including anti-dsDNA antibody, C3 and C4, linear regression analysis was performed using a modified SLEDAI score that excluded elevated anti-dsDNA antibody, low C3 and C4 as dependent variable. Other than increased anti-dsDNA antibodies (regression coefficient 2.2; 95% CI 1.3, 3.0; P < 0.001), serum sST2 level was also found to be an independent predictive factor for modified SLEDAI (regression coefficient: 8.5; 95% CI 2.6, 14.3; P = 0.005) by stepwise regression analysis after controlling for age, sex, eGFR and daily prednisolone dosage. In other words, the modified SLEDAI score was found to increase by an average of 0.85 U for each 0.1 ng/ml increment in serum sST2 level.
Discussion
Our study is the first to reveal an elevated serum level of sST2 in SLE patients in correlation with disease activity. Although serum sST2 level has also previously been demonstrated to be higher in SLE patients in accordance with our finding, as well as in other rheumatic diseases compared with normal controls [22] , information with regard to its clinical association is lacking. We demonstrated the higher sST2 levels among SLE patients with active disease including renal and non-renal manifestations compared with those with lesser disease activity and normal controls. In view of the significant correlation between serum sST2 level and parameters of disease activity, its responsiveness to change in the levels of disease activity when monitored longitudinally and its lack of association with age, sex and impaired renal function, sST2 may serve as a potential surrogate marker for disease activity in SLE.
Serum sST2 level was found to correlate with SLEDAI, levels of anti-dsDNA antibody and C3. Serum sST2 levels remained significantly associated with active disease after adjustment for prednisolone dosage in the logistic regression model, eliminating contribution from prednisolone use as a confounder for active lupus. Since the biochemical properties of sST2 in relation to age, sex and renal clearance is not known, a modified SLEDAI score as dependent variable that excluded elevated anti-dsDNA antibody, low C3 and C4, was used in our analysis, further confirming both anti-dsDNA antibody as a conventional biomarker and sST2 significant predictive factors of disease activity after controlling for age, sex, eGFR and daily prednisolone dosage. The elevated serum sST2 level found in patients with active disease was, however, not shown to be discriminative between active lupus nephritis and non-renal lupus exacerbation. Serum sST2 was not found to be linked to particular disease manifestations such as cutaneous and articular or haematological involvement and thus appeared to be a marker of generalized disease activity in SLE patients. It should be noted that serum sST2 level was higher among Class IV lupus nephritis compared with other ISN/RPS classes, suggesting a reflection of a higher level of inflammation by the higher level of sST2. Other than SLE, elevated serum level of sST2 has also been described in other diseases including septic shock [13] , asthma [14] and myocardial infarction [15] . sST2 was also found to correlate positively with disease activity and severity in these medical conditions as do peak flow rate in acute asthma exacerbation and creatinine kinase in patients with myocardial infarction, suggesting its role as a useful biomarker in these conditions [28] . Serum sST2 has also been reported to be of prognostic value in the prediction of cardiac mortality in patients with acute myocardial infarction [29] and acute destabilized heart failure [30] . As we can only demonstrate clinical association instead of causation, further studies are required to delineate the role of sST2 as merely a biomarker in lupus, or as a regulatory mechanism involved in the disease pathogenesis. Beyond its role as a biomarker, sST2 may also be directly involved in the regulation of immune-mediated conditions. The expression of ST2L in haematopoietic cell lines and its homology with members of the TLR-IL-1R family suggest its potential functional role in immune responses [31] . Indeed, sST2 has been shown to inhibit pro-inflammatory cytokine production. Lipopolysaccharide (LPS)-induced IL-6 production in a human monocytic cell line was suppressed in the presence of sST2 via inhibition of NF-kB activation [32] . Administration of sST2 to mice exposed to LPS in a model of sepsis has been shown to result in reduced serum levels of IL-6, -12 and TNF-a and enhanced survival of the animal [33] . The present findings showing an inverted correlation between sST2 and C3 levels in lupus patients indicate, therefore, the potential regulatory role of sST2 in the disease.
Our study is also the first to report serum levels of the sST2-specific ligand, IL-33, in SLE patients. Elevated IL-33 was infrequently observed in SLE patients and was found to be comparable in frequency and serum level to control although our conclusion may be limited by the sensitivity of the immunoassay. Serum IL-33 level was not found to be related to sST2 level, lupus disease activity or specific organ involvement. Thus, the role of sST2 in relation to IL-33 signalling in SLE remains unclear. It is possible that IL-33 may not be involved in the pathogenesis of SLE or that IL-33 may have formed ICs with sST2 or be down-regulated by sST2 in the negative regulatory mechanisms. Indeed, sST2 has recently been demonstrated to function as a negative regulator and antagonistic decoy receptor for IL-33 [34, 35] .
We have not determined the source of IL-33 and sST2 in lupus patients in this study. A diversity of cell types have been reported to express IL-33 mRNA including smooth muscle cells, epithelial cells, fibroblasts, keratinocytes, dendritic cells and activated macrophages [1] . IL-33 was induced in TNF-a-and IL-1-activated fibroblasts and keratinocytes, whereas expression of IL-33 mRNA was only modestly elevated in LPS-stimulated dendritic cells and macrophages [1] . Expression of sST2 was also induced in fibroblasts, macrophages and monocytes stimulated with LPS, TNF-a or IL-1 [31] . It has been speculated that IL-33 may be released as a result of cell damage, which alerts the immune system to 'danger', but otherwise remains in the nucleus of living cells where it limits the immune response [36] . In pathological conditions, abundant expression of IL-33 mRNA has been found in endothelial cells from inflamed human tonsil, intestine of patients with Crohn's disease and rheumatoid synovium [37] . Thus, it is possible that sST2 and/or IL-33 are released from activated macrophages, dendritic cells or endothelial cells from inflamed tissues in patients with active SLE.
In accordance with the recent discovery of the role of the IL-17/IL-23 axis in many pathogenic inflammatory conditions [38] , understanding the functional aspect of the IL-33/sST2 system may have significant therapeutic implications. Indeed, there have been increasing reports on manipulating the IL-33/sST2 system in the alleviation of disease conditions. Pre-treatment with sST2 has been shown to significantly reduce eosinophilic infiltration and levels of IL-4 and -5 in bronchoalveolar lavage fluid in a murine model of allergic airway inflammation [39] . A soluble ST2-human IgG fusion protein has also been shown to be of therapeutic effect in animal models including attenuation of eosinophilic inflammation in a model with hyper-responsive airway disease [10] , reduced LPSmediated mortality in a model of septic shock [33] , reduced synovial inflammation and joint erosion in CIA [40] and in in vitro experiments to inhibit TNF-a production by a human monocytic cell line in co-culture with peripheral blood T cells from patients with RA [40] . Our findings of elevated serum levels of sST2 and the correlation with disease activity suggested that the IL-33/ST2 system may have a role in the pathogenesis of SLE. Future efforts to define the regulatory mechanisms of the system may hopefully result in more therapeutic options for these patients.
Rheumatology key messages
. Soluble ST2 is elevated in SLE patients compared with healthy controls. . Serum sST2 level correlates with parameters of lupus disease activity. . The level of IL-33, its specific ligand, is only infrequently detected in SLE serum by ELISA.
